␤-arrestins critically regulate G protein-coupled receptors (GPCRs), also known as seven-transmembrane receptors (7TMRs), both by inhibiting classical G protein signaling and by initiating distinct ␤-arrestin-mediated signaling. The recent discovery of ␤-arrestinbiased ligands and receptor mutants has allowed characterization of these independent ''G protein-mediated'' and ''␤-arrestinmediated'' signaling mechanisms of 7TMRs. However, the molecular mechanisms underlying the dual functions of ␤-arrestins remain unclear. Here, using an intramolecular BRET (bioluminescence resonance energy transfer)-based biosensor of ␤-arrestin 2 and a combination of biased ligands and/or biased mutants of three different 7TMRs, we provide evidence that ␤-arrestin can adopt multiple ''active'' conformations. Surprisingly, phosphorylation-deficient mutants of the receptors are also capable of directing similar conformational changes in ␤-arrestin as is the wild-type receptor. This indicates that distinct receptor conformations induced and/or stabilized by different ligands can promote distinct and functionally specific conformations in ␤-arrestin even in the absence of receptor phosphorylation. Our data thus highlight another interesting aspect of 7TMR signaling-i.e., functionally specific receptor conformations can be translated to downstream effectors such as ␤-arrestins, thereby governing their functional specificity.
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7TMRs ͉ BRET ͉ phosphorylation G protein-coupled receptors (GPCRs), also known as seventransmembrane receptors (7TMRs), are the largest family of cell-surface receptors that communicate extracellular stimuli to the cell interior (1) . The classical view of GPCR signaling is that a ligand activates the receptor and an activated receptor then couples to and activates heterotrimeric G proteins, leading to generation of second messengers such as cAMP, DAG, and IP3. Subsequently, G protein-coupled receptor kinases (GRKs) phosphorylate the receptor and promote ␤-arrestin recruitment to the receptor. Binding of ␤-arrestins to the receptor sterically inhibits further G protein coupling and leads to receptor desensitization. In recent years, however, a number of additional functions of ␤-arrestins have been discovered, which include crucial roles in clathrin-mediated endocytosis of receptors and as signal transducers for a growing list of effector pathways such as MAP kinases and phosphatidylinositol 3-kinase (PI3-kinase) (2, 3) . Thus, ␤-arrestins, while turning off G protein-dependent signaling, can simultaneously initiate parallel G proteinindependent signaling pathways.
Recent studies have revealed that G protein-dependent and ␤-arrestin-dependent signaling pathways of 7TMRs are pharmacologically separable. Certain ligands are capable of selectively activating one of these two signaling pathways; such ligands are referred to as biased ligands and the phenomenon as ''biased agonism'' or ''ligand directed signaling'' (4, 5) . ␤-arrestin-biased ligands are of particular interest because they offer the possibility to design an entirely novel class of therapeutic agents (6) . Such ligands, in common with conventional antagonists, prevent agonist-activated G protein signaling. However, in contrast with the conventional antagonists, they simultaneously stimulate potentially beneficial effects of ␤-arrestin-mediated signaling.
The existence of independent G protein-mediated and ␤-arrestin-mediated signaling via 7TMRs requires that receptors adopt multiple ''active'' conformations or ''ligand selective states.'' Biochemical and biophysical data suggest that different ligands can indeed induce and/or stabilize subsets of the multiple active conformations of a receptor (7, 8) . A major challenge now is to decipher the molecular mechanisms underlying biased agonism at 7TMRs, and to establish a link between different receptor conformations and selective functional outcomes of ␤-arrestin. One attractive hypothesis is that, analogous to the multiple active conformations in 7TMRs, ␤-arrestins might also adopt multiple ''active'' conformations, and depending on its conformation, ␤-arrestin can either activate different signaling effectors and/or desensitize G protein coupling. Accordingly, we set out to elucidate the conformational changes in ␤-arrestin in response to the activation of 7TMRs by ␤-arrestin-biased or unbiased ligands.
Results and Discussion
We used a recently described intramolecular bioluminescence resonance energy transfer (BRET)-based biosensor (9) of ␤-arrestin 2. In this biosensor, bioluminescent Renilla luciferase (Luc) and the yellow fluorescent protein (YFP) are fused at the N and the C termini, respectively, of ␤-arrestin 2. Structural changes in ␤-arrestin cause rearrangement of the two ends of the molecule (and therefore, changes in the distance and/or orientation of Luc and YFP relative to each other), altering BRET efficiency in such a way as to indicate conformational changes.
Distinct Conformational Changes in ␤-Arrestin upon Activation of
AT1aR. A well studied example of biased agonism exists for the AT1aR. Based on mutational analysis of the full agonist Angiotensin II (Ang), a ␤-arrestin-biased agonist termed [Sar 1 , Ile 4 , Ile 8 ]-angiotensin II (SII) has been developed and characterized (10, 11) . Stimulation of AT1aR with SII does not activate G ␣q/11 signaling but promotes ␤-arrestin recruitment and stimulates ERK activation in an entirely ␤-arrestin 2-dependent manner (11) . As shown in Fig. 1A , both Ang and SII stimulation resulted in a ''class B'' recruitment of the biosensor, i.e., strong and prolonged interaction of ␤-arrestin with the receptor, reflected by localization of ␤-arrestin in the endocytotic vesicles (12) . This suggests that the ␤-arrestin biosensor is functional in terms of ligand-stimulated recruitment to the receptor. To investigate whether ␤-arrestin can adopt distinct conformations in response to receptor stimulation by an unbiased or biased ligand, we monitored the BRET signal upon stimulation of AT1aR by either Ang or SII. As reported earlier (9) , stimulation of AT1aR with Ang resulted in an increase in the intramolecular BRET ratio indicating a conformational change upon ␤-arrestin recruitment to the receptor (Fig. 1B) . However, more strikingly, stimulation of AT1aR with SII resulted in a decrease in the intramolecular BRET ratio (Fig. 1B) . Pretreatment of cells with the angiotensin receptor blocker (ARB) valsartan blocks the Ang-and SII-induced BRET signal. Because BRET changes result from changes in the distance and/or orientation of the donor and acceptor molecules, an increase versus a decrease in BRET ratio must arise from different positional changes of the Luc and YFP (13) . In other words, directionally opposite changes in the BRET ratio (i.e., increase with Ang and decrease with SII) indicate different conformations of ␤-arrestin 2. To correlate ␤-arrestin recruitment to the receptor and conformational change in ␤-arrestin, we monitored the dose dependency of Angand SII-mediated BRET change. As shown in supporting information (SI) Fig. S1 A and B, an EC 50 of 2.9 Ϯ 1.4 ϫ 10 Ϫ9 M for Ang and 2.5 Ϯ 1.9 ϫ 10 Ϫ6 M for SII was observed. These EC 50 values for the conformational change in ␤-arrestin correspond well to the K d of the receptor for Ang and SII (Ϸ1 nM for Ang and Ϸ300 nM for SII) (10) .
Based on the previous finding that SII initiates exclusively ␤-arrestin but not G protein signaling, it is tempting to speculate that the two conformations of ␤-arrestin are associated with different functions. For example, one conformation associated with G protein-mediated signaling presumably promotes the desensitization function of ␤-arrestin (possibly reflected by an increase in BRET ratio), and the second would be responsible for inducing ␤-arrestin signaling (possibly reflected by a decrease in BRET ratio). The BRET signal upon Ang stimulation represents the sum of the BRET changes for these two conformations, whereas SII stimulation would give rise to only the second type of conformation. To explore this hypothesis, we used a biased mutant of AT1aR (DRY/AAY) (11) . Alanine substitution of the first two amino acids of a conserved DRY motif in the second intracellular loop of AT1aR completely uncouples the receptor from G ␣q/11 without affecting its capacity to recruit ␤-arrestins, and activate ␤-arrestin-dependent ERK signaling (11) . If distinct conformations of ␤-arrestin are indeed responsible for desensitization and signaling as we propose, stimulation of the DRY/AAY mutant of AT1aR with either Ang or SII should lead to a decrease in intramolecular BRET ratio. Indeed, as shown in Fig. 1C , both Ang stimulation and SII stimulation lead to a decrease in the BRET ratio, suggesting that they both induce the same conformation in ␤-arrestin that promotes ␤-arrestin-mediated signaling. Again, pretreatment of cells with valsartan blocks the Ang-and SII-induced BRET signal. The molecular basis for the inability of AT1aR (DRY/AAY) mutant to induce G protein-mediated signaling is not yet clear. It is likely that both Ang and SII induce a similar conformation of this mutant receptor that is then recognized by ␤-arrestin and in turn results in a similar conformation in ␤-arrestin.
The data obtained with the AT1aR (DRY/AAY) mutant taken together with the data on wild-type AT1aR support the hypothesis that an increase in BRET ratio corresponds with a conformation of ␤-arrestin that can govern both desensitization and signaling function of ␤-arrestin, while a decrease in BRET represents a signaling conformation.
To rule out the possibility that changes in BRET ratio are due to intermolecular interaction between ␤-arrestin molecules brought together through dimerization (14) or aggregation at the plasma membrane, we coexpressed Luc-␤-arr and ␤-arr-YFP under conditions that lead to comparable levels of fluorescence and luminescence as obtained in Luc-␤-arr-YFP-expressing cells. As shown in Fig. S1C , upon coexpression of Luc-␤-arr and ␤-arr-YFP, no statistically significant changes in BRET ratio were observed after Ang or SII stimulation, suggesting that ligand-induced changes in the intramolecular BRET signal result from conformational changes in ␤-arrestin and are not due to dimerization or aggregation at the plasma membrane.
Wild-Type ␤2AR and a ␤-Arrestin-Biased Mutant, ␤2AR TYY . To investigate whether the occurrence of distinct conformations of ␤-arrestin is a general consequence of biased agonism at 7TMRs, we next asked whether similar patterns could be observed for other 7TMRs. The ␤2AR is another highly studied 7TMR that, similar to AT1aR, also exhibits both G protein-dependent and ␤-arrestin-dependent signaling. Although there are some indications of ␤-arrestin-biased ligands for ␤2AR (15, 16) , their weak efficacy for ␤-arrestin recruitment and signaling limits their usefulness in our BRET assay system. However, based on evolutionary trace analysis, a mutant ␤2AR (T68F-Y132G-Y219A, referred to as ␤2AR TYY ) has been designed (17) that, similar to the DRY/AAY mutant of AT1aR, does not couple to G proteins but exhibits only ␤-arrestin-mediated signaling (17) . As shown in Fig. 2A , HEK-293 cells stably expressing either ␤2AR or ␤2AR TYY receptors exhibited plasma membrane translocation of the ␤-arrestin biosensor upon receptor stimulation in a ''class A'' pattern, i.e., transient interaction of ␤-arrestin with the receptor, reflected by rapid concentration of ␤-arrestin at the plasma membrane (12) . To monitor the conformational changes in ␤-arrestin, we compared the changes in intramolecular BRET ratio upon isoproterenol stimulation of ␤2AR or ␤2AR TYY . Consistent with a previous report (9) , stimulation of wild-type ␤2AR leads to an increase in the BRET ratio, indicating a conformational change in ␤-arrestin upon recruitment to the receptor (Fig. 2B) . In contrast, isoproterenol stimulation of ␤2AR TYY resulted in a decrease in the intramolecular BRET ratio (Fig. 2C) , similar to the data obtained for the DRY/AAY mutant of AT1aR upon Ang stimulation. For both ␤2AR and ␤2AR TYY , pretreatment of cells with propranolol, a ␤-adrenergic receptor antagonist, blocks the isoproterenol-induced BRET signal. We also analyzed the dose dependency of isoproterenolinduced conformational changes in ␤-arrestin for both the wild-type ␤2AR and the ␤2AR TYY . As shown in Fig. S2 A and B, an EC 50 of 1 Ϯ 1.8 ϫ 10 Ϫ7 M was observed for the wild-type ␤2AR and 6.7 Ϯ 5.0 ϫ 10 Ϫ8 M for the ␤2AR TYY mutant. Neither isoproterenol nor propranolol induce any change in the intermolecular BRET signal upon coexpression of Luc-␤-arr and ␤-arr-YFP, thus ruling out the possibility that the BRET signal arises from dimerization of ␤-arrestin (Fig. S2C) .
Conformational Changes in ␤-Arrestin Are Directly Correlated with the Efficacies of ␤2AR Ligands. To correlate the efficacy of a given ligand at its cognate receptor with the conformational change in ␤-arrestin, we investigated seven additional ligands for the ␤2AR (in addition to isoproterenol and propranolol) with varying efficacies in terms of cAMP response and ␤-arrestin recruitment (18) in this BRET assay. We monitored the changes in BRET ratio upon stimulation of both the wild-type ␤2AR and ␤2AR
TYY . As shown in Fig. 3 A and B , the conformational changes in ␤-arrestin induced by these ligands compare well with their efficacies. For example, Zinterol, Pindolol, and Isoetharine, which are partial agonists on ␤2AR but weaker than isoproterenol, give qualitatively similar but quantitatively weaker responses on both wild-type ␤2AR and ␤2AR
TYY . Similarly, ICI, which is an inverse agonist, leads to no detectable change in BRET ratio. In addition, very weak partial agonists did not show any detectable change in BRET ratio. These data thus establish that the efficacy of ligands is directly correlated with the conformational change in ␤-arrestin. presence of isoproterenol results in an increase in BRET ratio. The increase in BRET ratio is abolished by preincubation of vesicles with the ␤2AR antagonist propranolol. These data thus suggest that the conformational change in ␤-arrestin, at least for the unbiased ligand isoproterenol, results from a direct interaction of ␤-arrestin with the receptor.
Distinct Conformational Changes in ␤-Arrestin upon Activation of PTH1R.
To further confirm the generality of distinct ␤-arrestin conformations in response to stimulation of the receptor with an unbiased or biased ligand, we next studied the parathyroid hormone receptor type 1 (PTH1R). We have previously reported that stimulation of PTH1R with PTH-(1-34) leads to both G protein-dependent and ␤-arrestin-dependent signaling, whereas stimulation with the PTH analogue [D-Trp 12 ,Tyr 34 ]PTH-(7-34), which is an inverse agonist (PTH-IA), results in only ␤-arrestin signaling (19) . As shown in Fig. 4A , both PTH-(1-34) and PTH-IA stimulation resulted in ''class B'' recruitment of ␤-arrestin biosensor. To monitor the conformational changes in ␤-arrestin, we compared the changes in BRET ratio upon stimulation of PTH1R with either PTH or PTH-IA. As shown in Fig. 4B , stimulation of PTH1R with PTH resulted in an increase in BRET ratio, whereas PTH-IA resulted in a decrease. These data are analogous to those obtained for AT1aR upon Ang and SII stimulation and further confirm that ␤-arrestin adopts distinct conformations depending on the context of receptor stimulation. An EC 50 of 1.0 Ϯ 1.4 ϫ 10 Ϫ8 for PTH and 1.1 Ϯ 1.9 ϫ 10 Ϫ8 for PTH-IA was calculated for the conformational change in ␤-arrestin (Fig. S3 A and B) , which corresponds well with the affinity of these ligands for PTH1R. Stimulation of mock transfected (with pcDNA3.1) HEK-293 cells by PTH-(1-34) or PTH-IA did not induce any statistically significant change in BRET ratio (Fig. S3C) . In addition, similar to the AT1aR and the ␤2AR systems, the changes in intramolecular BRET are not the result of ␤-arrestin dimerization because no detectable changes in intermolecular BRET ratio were observed upon stimulation of cells coexpressing Luc-␤-arr and ␤-arr-YFP (Fig. S3D) .
Taken together, the intramolecular BRET data obtained for these three different 7TMRs, using either biased ligands or biased receptor mutants, display a common pattern (i.e., increase for an unbiased ligand and decrease for a ␤-arrestinbiased ligand or a ␤-arrestin-biased receptor mutant), and thereby establish that functionally specific conformations adopted by ␤ arrestin are likely to be a general feature for the 7TMRs (Fig. S4) . However, mapping of finer structural details underlying these conformational changes in ␤-arrestin will require additional technologies. It is also plausible that these distinct conformations of ␤-arrestin direct the initial signaling versus internalization events of 7TMRs, although it remains to be established.
Conformational Changes in ␤-Arrestin Are Independent of Receptor
Phosphorylation. Activation-dependent conformational rearrangements in visual arrestin and ␤-arrestins appear to depend on the phosphorylation state of rhodopsin and of a peptide derived from the C terminus of the vasopressin receptor (V 2 R-pp), respectively (20) (21) (22) . Therefore, we set out to determine the role of receptor phosphorylation in inducing the conformational changes in ␤-arrestin observed with the Luc-␤-arr-YFP biosensor. We used a truncation mutant of AT1aR lacking the complete C terminus and, therefore, lacking all known GRK and PKC phosphorylation sites (AT1aR 324 ). Stimulation of this truncation mutant by Ang or SII does not result in any detectable phosphorylation (23) . This mutant, however, recruits ␤-arrestin, although in a weaker ''class A'' pattern (compared with ''class B'' pattern for the wild-type AT1aR), and exhibits a level of ␤-arrestin-dependent ERK signaling comparable to the wild-type receptor (3). As shown in Fig. 5A , stimulation of AT1aR ⌬324 with Ang and SII lead to similar conformational changes in ␤-arrestin as observed for wild-type receptor. Even after pretreatment of cells with either H-89 or GFX (to inhibit PKA-and PKC-mediated phosphorylation of the receptor, respectively), the conformational changes in ␤-arrestin are still apparent (Fig. 5B) . These data suggest that absence of receptor phosphorylation does not affect the conformational changes in ␤-arrestin as detected by the Luc-␤-arr-YFP biosensor. However, it is important to note that the AT1aR 324 may still contain some GRK phosphorylation sites in the intracellular loops. Indeed, sites for GRK phosphorylation are reported to be present in the third intracellular loops of the ␣-2 adrenergic receptor and others (24) . To examine whether phosphorylation-independent conformational changes in ␤-arrestin exist for other receptors, we next used a ␤2AR mutant that lacks both GRK and PKA phosphorylation sites (␤2AR GRK-/PKA-). This mutant receptor does not exhibit ␤-arrestin-mediated ERK signaling when tested at endogenous levels of ␤-arrestin (18) , and ␤-arrestin recruitment to this mutant receptor could not be detected by confocal microscopy and cross-linking studies (18) . However, a FRET-based approach revealed weak recruitment of ␤-arrestin to ␤2AR
GRK-/PKA-upon high expression levels of exogenous ␤-arrestin (25) . Therefore, in this experiment, the Luc-␤-arr-YFP biosensor was expressed at an Ϸ4-to 5-fold higher level (as measured by luminescence and fluorescence levels) compared with the expression level for wild-type ␤2AR. As shown in Fig. 5C , stimulation of HEK-293 cells expressing ␤2AR
GRK-/PKA-and high levels of the Luc-␤-arr-YFP biosensor leads to similar conformational changes in ␤-arrestin as observed for the wild-type ␤2AR. Thus, taken together the data obtained for AT1aR ⌬324 and ␤2AR
GRK-/PKAsuggest that the conformational changes in Luc-␤-arr-YFP biosensor upon stimulation of receptors with biased or unbiased ligands are independent of receptor phosphorylation.
To further investigate this intriguing finding, we monitored the conformational change in a phosphorylation-independent mutant of ␤-arrestin-i.e., ␤-arrestin (R169E). This mutant exists in a constitutively active conformation, presumably due to a disrupted polar core, and was originally reported to bind to the receptors irrespective of receptor phosphorylation (20) . However, more rigorous analysis has shown that the R169E mutant of ␤-arrestin 1 is only partially independent of receptor phosphorylation (25) . As shown in Fig. 5D , the conformational changes in Luc-␤-arr (R169E)-YFP were essentially similar to the wild-type ␤-arrestin biosensor, in response to both the unbiased ligand Ang and the biased ligand SII. Along the same line, the conformational change in the Luc-␤-arr (R169E)-YFP were similar to the wild-type ␤-arrestin biosensor upon stimulation of ␤2AR (Fig. S5A) and PTH1R (Fig. S5B) . These data agree with the conclusions drawn from AT1aR ⌬324 and ␤2AR GRK-/PKA-that the conformational changes in Luc-␤-arr-YFP are not influenced by receptor phosphorylation.
As mentioned earlier, binding of a phosphopeptide corresponding to the C terminus of rhodopsin or V 2 R leads to a conformational rearrangement in visual arrestin or ␤-arrestins, respectively. It is plausible that the conformational rearrangement reported by limited proteolysis and this biosensor in live cells represent different subsets of ␤-arrestin conformations. To assess this possibility, we performed in vitro BRET experiments with purified Luc-␤-arr-YFP. As shown in Fig. S5C , incubation of purified Luc-␤-arr-YFP with the V 2 Rpp leads to no detectable change in BRET ratio. This observation agrees with our notion that the limited proteolysis assay and the Luc-␤-arr-YFP report qualitatively different conformational changes in ␤-arrestin. The importance of receptor phosphorylation, especially the role of individual GRK isoforms, in ␤-arrestin-mediated regulation of 7TMRs has been intensively studied; however, a general pattern has not emerged (3, 26) . Obviously, further studies such as mapping of receptor phosphorylation sites for specific GRKs, are necessary to obtain a definitive answer for the role of GRK phosphorylation in ␤-arrestin-mediated 7TMR regulation.
The data presented here suggest that discrete conformations of 7TMRs induced and/or stabilized by specific ligands, even in the absence of receptor phosphorylation, can promote distinct and functionally specific conformations in ␤-arrestins. These observations further extend our current understanding of activation-dependent conformational changes in arrestins as previously studied by limited proteolysis experiments for visual arrestin (20) and ␤-arrestins (21, 22) . It seems likely that the conformational changes in ␤-arrestins observed in vitro by using limited proteolysis of purified proteins and the conformational changes reported here are qualitatively different and reflect different subsets of the repertoire of conformations that ␤-arrestins can adopt. Furthermore, it is also plausible that the ␤-arrestin conformations detected by the Luc-␤-arr-YFP biosensor specifically represent those conformations that are essentially insensitive to receptor phosphorylation, and that there are additional conformations of ␤-arrestin that are indeed governed by receptor phosphorylation. Our data underscore the conformational complexity of ␤-arrestins and provide a possible mechanism underlying the biased agonism at 7TMRs-i.e., stimulation of 7TMRs by unbiased vs. biased ligands promotes distinct conformations of ␤-arrestins associated with specific functional outcomes. This also emphasizes the fact that fine tuning of 7TMR signaling and regulation is far more complicated than originally thought. Future challenges include understanding the molecular nature of ␤-arrestin conformational changes and determining whether there are any receptor-type-dependent selectivities in the repertoire of these conformations.
In conclusion, our data provide definitive evidence that ␤-arrestin can adopt multiple ''active'' conformations. Moreover, this finding also directly demonstrates that functionally specific receptor conformations can indeed be translated to downstream effectors such as ␤-arrestins thereby governing their functional specificity.
Materials and Methods
HEK-293 cells were grown in Eagle's MEM and transfected with FuGENE 6, using a standard protocol. BRET assays were performed as described in ref. 9 . For a detailed description of experimental procedures, please refer to SI Materials and Methods.
